Nanowires have been considered for a number of applications in nanometrology. In such a context, we have explored the possibility of using ultrathin twisted nanowires as torsion nanobalances to probe forces and torques at molecular level with high precision, a nanoscale system analogous to the Coulomb's torsion balance electrometer. In order to achieve this goal, we performed a first principles investigation on the structural and electronic properties of twisted silicon nanowires, in their pristine and hydrogenated forms. The results indicated that wires with pentagonal and hexagonal cross sections are the thinnest stable silicon nanostructures. Additionally, all wires followed a Hooke's law behavior for small twisting deformations. Hydrogenation leads to spontaneous twisting, but with angular spring constants considerably smaller than the ones for the respective pristine forms. We observed considerable changes on the nanowire electronic properties upon twisting, which allows to envision the possibility of correlating the torsional angular deformation with the nanowire electronic transport. This could ultimately allow a direct access to measurements on interatomic forces at molecular level.
1
Low dimensional nanosystems yield large surface-to-volume ratios and quantum confinement, properties that make them suitable to a number of potential applications [1] [2] [3] , such as battery electrodes, chemical sensors, electron emission devices, and solar cells. Furthermore, nanostructured materials could be used as tools in nanometrology 4 , in order to allow probing atomistic and molecular properties with unprecedented precision. For instance, nanowires and nanotubes have already been used as probe tips in scanning tunneling microscopy and atomic force microscopy to investigate surface properties and manipulate matter at atomistic level.
Over the last decade, there has been great interest in growing one-dimensional nanostructures with tailored mechanical, electronic, and optical properties 5, 6 . Achieving such high degree of growth control could allow, for example, obtaining nanowires for specific applications in nanometrology. For this to become a reality in the coming years, it is essential to acquire a thorough knowledge on the physical properties of those nanostructures. Several wire properties could be explored in such applications, such as electronic transport, thermal conductivity, optical transitions, electron affinity, oxidation potential, and chemical reactivity. It is also important to understand how nanowires deform and their elastic limit, along with the correlation between mechanical and electronic properties. Several other fundamental questions on nanowires emerge: what is the scaling law that describes those properties?
What is the smallest limit to get a stable ultrathin nanowire? How do ultrathin nanowires behave under stretching and twisting deformations? Here, we have addressed some of those questions by modeling the properties of ultrathin twisted silicon nanowires and exploring their potential applications in nanometrology as a torsion nanobalance 7, 8 .
We performed a theoretical investigation on the structural and electronic properties of ultrathin twisted silicon nanowires in their pristine and hydrogenated forms, for several polygonal cross section shapes and twisting angles. Our investigation focused on silicon nanowires, although the conclusions could be extrapolated to wires of several other chemical elements. Although silicon nanowires have been widely investigated [9] [10] [11] [12] [13] [14] , there is scarce literature on the properties of their twisted configurations 15, 16 . On the other hand, twisted nanowires of several other materials have been grown and studied recently [17] [18] [19] .
Our results indicated that nanowires with pentagonal and hexagonal cross sections are the thinnest stable silicon wires in any twisted form. Additionally, twisted nanowires, with any polygonal cross section, follow the Hooke's law, for small stretching and twisting defor-2 mations around their equilibrium configurations. In a pristine form, all wires were found to be stable in an untwisted configuration. Upon hydrogenation, such behavior changed substantially, with the respective equilibrium configurations associated to highly twisted forms.
All those results suggest that an ultrathin nanowire could be used as a torsion nanobalance or electrometer to probe forces and torques at molecular level 20 . The observed changes on the nanowire electronic properties upon twisting could be explored in terms of the electronic transport. This would lead to a direct access to a measurement, in which the angular deformation could be determined by the respective changes on the electronic current, allowing to determine forces and torques involved in the interaction between nanowires and molecular systems.
The calculations were performed using the Vienna ab initio simulation package (VASP) 21 .
We considered nanowires with periodic boundary conditions, with a tetragonal simulation cell. In the directions normal to the nanowire, a lattice parameter of 20Å was used, which had enough open space to prevent interactions between atoms in the original cell with those in the neighboring images. In the nanowire direction (z), we considered nanowires (for several polygonal cross sections and twisting angles) with 10 layers, and the respective lattice parameter was optimized according to an energy minimization iterative procedure.
The electronic exchange correlation potential was described within the density functional theory/generalized gradient approximation 22 . The spin polarized electronic wave-functions were described by a projector augmented wave method 23 , and expanded in a plane-wave basis set, with the kinetic energy cutoff of 450 eV. For any system, convergence in total energy was achieved when it differed by less than 10 −5 eV between two consecutive selfconsistent electronic calculation iterations. The structural relaxation, for a nanowire in any configuration, was achieved when forces on the atoms were smaller than 1 meV/Å. All calculations took a 1 × 1 × 8 k-point mesh to sample the Brillouin zone. Figure 1 presents a schematic representation of the ultrathin twisted silicon nanowires studied here. We considered nanowires with several polygonal cross sections, containing three, four, five, or six silicon atoms. Based on the results of previous theoretical investigations, those structures are candidates to be energetically stable 15, [24] [25] [26] . Structures with larger cross sections, i.e. containing more atoms in the rings, were found to be energetically less favorable than those structures presented here. It should be stressed that the systems investigated here can be classified as surface-like nanowire structures, which differ from bulk-like ones 10, 13 , in which the nanowires have a large core (of at least 1 nm in diameter) with atoms in configurations equivalent to the respective ones in the crystalline phase. In the last case, the nanowire properties could be directly mapped to the respective properties in the crystalline phase. On the other hand, for the ultrathin nanowires investigated here, such mapping is not that direct.
Here, the twisting angle was defined as the angle formed between two equivalent atoms in neighboring silicon layers. Since we considered periodic boundary conditions in z-direction, there was a limited number of possible intermediate twisting angles that could be effectively studied, which was directly associated to the number of wire layers in the simulation cell. The wires with pentagonal and hexagonal cross sections have the lowest energies, being the most stable ones, with a total energy of about 0.46 eV/atom higher than the value for silicon in a diamond cubic phase (computed using the same theoretical framework). Those results suggest that the nanowire configurations studied here are physically relevant, and have energies that are comparable or lower than the the ones in configurations studied elsewhere 27, 28 . hydrogenated nanowires, we observed a considerably smaller twisting energy, as compared to the respective wires in their pristine forms. Additionally, the energy minimum of the hydrogenated nanowires were associated to twisted configurations. Therefore, hydrogenation drives a pristine nanowire on a spontaneous transition toward a twisted configuration.
This result is consistent with what has been observed in several nanostructures, such as hydrogenation of graphene nanoribbons 29 . Figure 4 shows the relative total energy of the and an elastic behavior for twisting angles around that minimum.
The nanowire elasticity is described by the Young's modulus (Y). At a certain twisting angle, it is computed according to the respective curve of total energy as function of the deformation strain, as given in figure 3(a) . This is obtained according to the expression cross-sectional area (S 0 ) of a nanowire. For very thin nanowires, the definition of this area is very inaccurate, which can affect the results. In order to compute the Young's modulus, each nanowire was slightly elongated and contracted (up to a few percents) from its equilibrium length L 0 , followed by full structural optimization 30 . The Young's modulus was then determined by a third-order polynomial expansion that fitted the calculated energystrain curves. Table I presents the Young's modulus of all the nanowires studied here. Our results suggest broad opportunities to obtain considerably high quality factors and sensitivity to measure charged systems in the nanowire neighborhood 7 . A twisted nanowire could be used as a device to measure torsions at nanoscopic level, with potential applications to study several molecular properties of DNA's 41 . For a silicon pentagonal nanowire paddle with fixed ends, described in the previous paragraph, torsion of a few degrees could allow to explore torques and forces in the order of 10 −20 N m and 10 pN, respectively.
Our results indicate that the elastic properties of nanowires could be used to probe forces and torques at molecular level. The angular spring constant could be tailored to appropriate values for each application, by anchoring functional molecules in the nanowires. However, the major challenge would be how to translate the mechanical angular deformation of the nanowires in terms of macroscopic measurements. One of the most appealing possibilities is to explore the correlation between nanowire deformation and electronic transport, a nanowire property which is generally easily accessible 42 . In order to study the changes on the electronic properties of the nanowires as result of twisting, we computed the nanowire electronic band structures. In summary, ultrathin twisted silicon nanowires, in pristine and hydrogenated forms, have been investigated as potential candidates for mechanical torsional nanodevices. All ultrathin nanowires followed a Hooke's law for stretching and twisting, and such elastic properties could be explored to build nanoscopic torsion electrometers to measure forces and torques at molecular level. Additionally, the torsion properties could be tailored by functionalizing the nanowires. It should be stressed that nanowires of other materials, in pristine or functionalized forms, are also potential candidates to work as torsional electromechanical 11 nanodevices.
